During spermatogenesis in the mammalian testis, preleptotene/leptotene spermatocytes differentiate from type B spermatogonia and traverse the blood-testis barrier (BTB) at stage VIII of the seminiferous epithelial cycle for further development. This timely movement of germ cells involves extensive junction restructuring at the BTB. Previous studies have shown that these events are regulated by testosterone (T) and cytokines [e.g., the transforming growth factor (TGF) -␤s], which promote and disrupt the BTB assembly, respectively. However, the mechanisms underlying the "opening" of the BTB above a migrating preleptotene/leptotene spermatocyte and the "resealing" of the barrier underneath this cell remain obscure. We now report findings on a novel mechanism utilized by the testes to regulate these events. Using cell surface protein biotinylation coupled with immunoblotting and immunofluorescent microscopy, we assessed the kinetics of endocytosis and recycling of BTB-associated integral membrane proteins: occludin, JAM-A, and N-cadherin. It was shown that these proteins were continuously endocytosed and recycled back to the Sertoli cell surface via the clathrinmediated but not the caveolin-mediated pathway. When T or TGF-␤2 was added to Sertoli cell cultures with established functional BTB, both factors accelerated the kinetics of internalization of BTB proteins from the cell surface, perhaps above the migrating preleptotene spermatocyte, thereby opening the BTB. Likewise, T also enhanced the kinetics of recycling of internalized biotinylated proteins back to the cell surface, plausibly relocating these proteins beneath the migrating spermatocyte to reassemble the BTB. In contrast, TGF-␤2 targeted internalized biotinylated proteins to late endosomes for degradation, destabilizing the BTB. In summary, the transient opening of the BTB that facilitates germ cell movement is mediated via the differential effects of T and cytokines on the kinetics of endocytosis and recycling of integral membrane proteins at the BTB. The net result of these interactions, in turn, determines the steady-state protein levels at the Sertoli-Sertoli cell interface at the BTB. 
A major obstacle in male contraceptive development, in treating illnesses, and in altering the pathological changes in organs behind a blood-tissue barrier (e.g., blood-brain barrier) is to transport a contraceptive or a therapeutic drug across a barrier [e.g., the blood-testis barrier (BTB)]. Despite the fact that drugs can be conjugated to either transferrin receptors (1-4) or a folliclestimulating hormone (FSH) mutant (5, 6 ) and transported to the brain or testis, the mechanism that regulates these barriers remains largely unknown. The testis is an interesting and unique model for studying blood-tissue barrier dynamics. For instance, the migration of preleptotene/leptotene spermatocytes across the BTB is a crucial cellular event that takes place during stage VIII of the seminiferous epithelial cycle of spermatogenesis (7) . This event involves intermittent phases of junction disassembly and reassembly at the Sertoli-Sertoli cell interface to facilitate the transit of preleptotene and/or leptotene spermatocytes with cell sizes of 8 -10 m (8) . At the same time, the immunological barrier function of the BTB cannot be compromised because postmeiotic germ cell antigens must be sequestered from the immune system at all times. Understanding the mechanisms that regulate these cellular events would provide new approaches for the management and/or treatment of different diseases in other blood-tissue barriers besides the delivery of contraceptive drugs. In a previous study, we demonstrated that the coexistence of tight junctions (TJs) and anchoring junctions (AJs) at the BTB via peripheral adaptors is used to reinforce barrier integrity at other stages of the epithelial cycle when the BTB is "closed" (9) . At stage VIII of the epithelial cycle when the BTB has to "open," TJs and AJs become disengaged such that TJs can transiently supersede the function of AJs during AJ restructuring and vice versa (9) . However, results of this study could not account for the morphological observations made when a migrating preleptotene/leptotene spermatocyte (or a clone of preleptotene/leptotene spermatocytes) is "trapped" between a "destabilizing" and "newly formed" TJ barrier at the apical and basal region of the germ cell (10) .
Studies in the past decade have focused on identifying the biomolecules that regulate the steady-state mRNA and/or protein levels of the junctional complexes at the BTB (8, 11) . Among these, testosterone (T) was shown to promote adhesion at the Sertoli-Sertoli and Sertoli-germ cell interface. For instance, specific knockout of androgen receptors (ARs) in Sertoli and Leydig cells, but not in germ and peritubular myoid cells, led to infertility in mice (12, 13) . After AR deletion in Sertoli cells, a significant loss in barrier function was detected, which was coupled with a reduction in the levels of TJ proteins such as occludin and claudins (14, 15) . Moreover, withdrawal of T resulted in the detachment of developing spermatids (step 8 through 19 spermatids) from Sertoli cells in the seminiferous epithelium, demonstrating that T is important in cell adhesion (16) . In contrast, cytokines such as the transforming growth factor (TGF) -␤s have been shown to perturb the BTB in vitro (17) and in vivo (18, 19) by down-regulating the expression of integral membrane proteins at the BTB. Nonetheless, these studies failed to address the possible coordination between these biomolecules in regulating the opening and closing of the BTB.
Recent studies have demonstrated that endocytic recycling of junctional proteins regulates junction restructuring to facilitate cell migration (20 -22) . This mechanism allows rapid turnover of integral membrane proteins at the cell-cell and cell-matrix interface besides de novo protein synthesis (20) . We hypothesized that the testis uses a similar mechanism to regulate junction restructuring at the Sertoli-Sertoli cell interface as endocytosis was recently shown to assist spermiation at the Sertoli cell-spermatid interface (23, 24) . Furthermore, Sertoli cells were shown to establish a functional TJ barrier, mimicking the BTB in vivo (25) (26) (27) (28) . As such, this well-established in vitro system was used to compare the kinetics of protein endocytosis and recycling after treatment of cells with T or TGF-␤2 vs. controls. Surprisingly, we observed that BTB dynamics are regulated by the coordination of both classes of biomolecules, which differentially affect the fate of endocytosed integral membrane proteins at the BTB. These results have helped us to provide a novel mechanism utilized by the testis that regulates the timely opening and closing of the BTB to facilitate preleptotene spermatocyte migration at stage VIII of the seminiferous epithelial cycle.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats were purchased from Charles River Laboratories (Kingston, NY, USA). The use of animals was approved by The Rockefeller University Animal Care and Use Committee (protocol numbers 00111, 03017, and 06018).
Antibodies and reagents
The following antibodies were used for studies described in this report, including immunoblotting and immunofluorescent microscopy: rabbit anti-occludin (catalog 71-1500, lot 51202542), rabbit anti-junctional adhesion molecule (JAM) -A (catalog 36-1700, lot 50393637), rabbit anti-claudin-1 (catalog 51-9000, lot 50799522), rabbit anti-claudin-3 (catalog 34-1700, lot 50393653), mouse anti-N-cadherin (catalog 33-3900, lot 50393487), and mouse anti-human transferrin receptor (catalog 13-6800, lot 60103175) from Invitrogen (Carlsbad, CA, USA; Zymed Laboratories, Burlingame, CA, USA); rabbit anti-claudin-3 (catalog ab15102-500, lot 167298), and mouse anti-Rab 9 (catalog ab2810-100, lot 252177) 
Immunoblotting
Rats (nϭ3 for each time point) at different ages were sacrificed, and testes were removed immediately, frozen in liquid nitrogen, and stored at Ϫ80°C until use. Testis lysates were prepared in IP buffer [0.125 M Tris, 2 mM EGTA, 0.15 M NaCl, 1% Nonidet P-40 (v/v), 10% glycerol (v/v), 2 mM PMSF, 1 mM sodium orthovanadate, 2 mM N-ethylmaleimide, 1 g/ml leupeptin, and 1 g/ml aprotinin, pH 7.4] as described (29) . About 100 g of protein from each sample was resolved by SDS-PAGE using either 7.5, 10, or 12% total acrylamide concentration (T; acrylamideϩmethylenebisacrylamide/100 ml) SDS-polyacrylamide gels under reducing conditions, depending on the apparent relative molecular mass of the target protein to be investigated. Immunoblotting was performed as described (30) .
Isolation and cultures of Sertoli cells
Sertoli cells were isolated from testes of 20-day-old SpragueDawley rats as described earlier (29) . Cells were plated on Matrigel-coated dishes [Matrigel diluted 1:7 with F12/Dulbecco's modified Eagle's medium (DMEM)] and cultured in serum-free F12/DMEM supplemented with epidermal growth factor, insulin, transferrin, and bacitracin at 35°C in a humidified atmosphere of 95% air/5% CO 2 . On day 2 (48 h after isolation), Sertoli cells were subjected to a hypotonic treatment (20 mM Tris, pH 7.4, at 22°C) for 2.5 min to remove residual germ cells (31) . To assess the effects of T and CPA on the steady-state levels of integral membrane proteins at the BTB, Sertoli cells plated at 0.5 ϫ 10 6 cells/cm 2 on Matrigelcoated 24-well dishes at time 0 were incubated with T (2ϫ10 Ϫ7 M) or T ϩ CPA (1ϫ10 Ϫ6 M) for 8 h, 1 day, and 5 days before termination for lysate preparation. Cultures in triplicates were used for each time point, and each experiment was repeated at least three times using different batches of Sertoli cells. It should be noted that these Sertoli cells formed a functional TJ permeability barrier by days 2-4 in vitro when assessed by transepithelial electrical resistance measurement across the cell epithelium as described (17) . When examined by electron microscopy, these Sertoli cells also formed a functional BTB with the ultrastructures of TJ and basal ectoplasmic specialization (ES) (25) .
Endocytosis assay
Endocytosis assays were performed as described earlier with minor modifications (32) . In brief, Sertoli cells at a density of 0.5 ϫ 10 6 cell/cm 2 were cultured on Matrigel-coated six-well plates for 4 days, and functional TJs and AJs that mimicked the BTB in vivo were formed when assessed by functional TJ barrier assay and electron microscopy (25, 28) . On day 5, Sertoli cell surface proteins were biotinylated with 0.5 mg/ml sulfo-NHS-SS-biotin (Pierce Chemical, Rockford, IL, USA) in PBS containing 0.9 mM CaCl 2 and 0.33 mM MgCl 2 (PBS/CM buffer) at 4°C for 30 min. The free biotin was quenched with 50 mM NH 4 Cl in PBS/CM buffer at 4°C for 15 min. At 4°C, endocytosis did not occur until these cultures were transferred to a CO 2 incubator with 95% air/5% CO 2 (v/v) either at 18 or 35°C where protein internalization could take place. To initiate endocytosis, Sertoli cell cultures were thus transferred from 4°C to a 35 or an 18°C CO 2 incubator and incubated for the specific time points in the absence (controls) or presence of 2 ϫ 10 Ϫ7 M T, 1 ϫ 10 Ϫ6 M CPA, or 10 ng/ml TGF-␤2 (treatment groups). To study the endocytic pathways mediating the internalization of TJ and AJ proteins at the BTB, cells were incubated with either an inhibitor of the clathrin-mediated pathway, 20 M PAO, or an inhibitor of the caveolin-mediated pathway, 2 U/ml of CO, as described (22) . At the time of termination for all endocytosis experiments, biotins on the uninternalized cell surface proteins were stripped with 50 mM sodium 2-mercaptoethanesulfonate (MESNA) (Sigma-Aldrich Corp.) in 100 mM Tris/HCl, 100 mM NaCl, and 2.5 mM CaCl 2 , pH 8.6, at 4°C for 30 min and quenched with 5 mg/ml iodoacetamide (Sigma-Aldrich Corp.) in PBS/CM buffer at 4°C for 15 min. Cell lysates were prepared in IP buffer (see above). Biotinylated proteins were pulled down with UltraLink Immobilized NeutrAvidin Plus beads (Pierce Chemical) from ϳ400 g of total protein of Sertoli cell lysates from each sample and subjected to immunoblot analysis using corresponding antibodies against specific target integral membrane proteins. All samples within an experimental group were processed simultaneously to avoid interexperimental variation. All endocytosis experiments reported herein were repeated at least four times using different batches of Sertoli cells excluding two earlier pilot experiments, which determined the optimal termination time points to assess the kinetics of endocytosis. Each time point had triplicate cultures for each experiment.
Recycling assay
Recycling assays were performed as described earlier with minor modifications (32, 33) . In brief, Sertoli cells cultured for 5 days were subjected to cell surface biotinylation as described above and then incubated at 35°C for 2 h to allow endocytosis to complete. The remaining biotinylated cell surface proteins were stripped with 50 mM MESNA in 100 mM Tris/HCl, 100 mM NaCl, and 2.5 mM CaCl 2 , pH 8.6, at 4°C, for 30 min and quenched with 5 mg/ml iodoacetamide in PBS/CM buffer at 4°C for 15 min. Cells were incubated at 35°C for various time points to allow recycling of internalized proteins back to the cell surface. The newly formed proteins that recycled back to the cell surface were again stripped with 50 mM MESNA in 100 mM Tris/HCl, 100 mM NaCl, and 2.5 mM CaCl 2 , pH 8.6, at 4°C for 30 min and quenched with 5 mg/ml iodoacetamide in PBS/CM buffers at 4°C for 15 min. Cell lysates were then prepared in IP buffer as described above to assess the disappearance of cytosolic biotinylated proteins as an index of protein recycling. To further validate the recycling of biotinylated and endocytosed protein, we also determined the reappearance of internalized protein back to the cell surface as follows. In some experiments, after Sertoli cells were incubated at 35°C to allow recycling of internalized proteins, cells were washed in PBS and incubated with 0.01% trypsin in PBS at room temperature for 20 min to extract the recycled cell surface biotinylated proteins. Further unwanted trypsinization was stopped by adding 1% soybean trypsin inhibitor (w/v) to each sample tube. Recycled biotinylated cell surface proteins were recovered from the supernatant by UltraLink Immobilized NeutrAvidin Plus beads, and cell lysates were subjected to immunoblot analysis. By using these approaches to quantify the kinetics of 1) the disappearance of cytosolic endocytosed biotinylated proteins and 2) the reappearance of biotinylated and endocytosed proteins on the Sertoli cell surface, an accurate assessment of protein recycling was obtained. All recycling assay experiments reported herein were repeated at least three times using different batches of Sertoli cells excluding initial pilot experiments which assessed the optimal experimental conditions, such as different termination time points.
Immunofluorescent microscopy
To demonstrate the effects of T and TGF-␤2 on the localization or the redistribution of TJ and AJ proteins at the Sertoli-Sertoli cell interface, double-label immunofluorescence analysis of integral membrane proteins (e.g., occludin and N-cadherin) and markers of endocytosis-related proteins (e.g., EEA-1, clathrin, and Rab 9) was performed by immunofluorescent microscopy as described (9, 29) . In brief, Sertoli cells with a cell density of 0.1-0.15 ϫ 10 6 cell/cm 2 were cultured on the Lab-Tek Chamber Slide System (ϳ1.8 cm 2 / well) (Nalge Nunc International, Roskilde, Denmark) coated with Matrigel (Collaborative Biochemical Products, Bedford, MA) (diluted 1:7 in F12/DMEM, v/v) for 4 days to allow junction assembly. Sertoli cells were then incubated with either T (2ϫ10 Ϫ7 M) or TGF-␤2 (10 ng/ml) for 1-3 h at 35°C to allow endocytosis and recycling of cell surface proteins. Cells were fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized with 0.1% Triton X-100, and then blocked with 10% goat serum (v/v) for 30 min. Rabbit anti-occludin (1:100) or anti-N-cadherin (1:100) antibody was incubated with either mouse anti-EEA1 (1:100), anti-Rab 9 (1:100), or anti-clathrin (1:150) antibody at 35°C. After overnight incubation, secondary antibodies conjugated with Cy3 and fluorescein isothiocyanate (FITC) (Invitrogen), diluted in PBS to 1:50, were incubated with slides for ϳ30 min. Cells were then washed and mounted with Vectashield HardSet with 4Ј,6Ј-diamino-2-phenylindole (DAPI) (a nuclear stain; Vector Laboratories, Burlingame, CA, USA). Fluorescent micrographs were obtained by using an Olympus BX40 microscope (Olympus Corp., Melville, NY, USA) equipped with Olympus UPlanF1 fluorescent optics and an Olympus DP70 12.5MPa digital camera. Fluorescent images were acquired as tagged image format (TIF) files using QImaging QCapture Software Suite (Quantitative Imaging Corp, Surrey, BC, Canada) and analyzed by using Adobe PhotoShop (version 7.0; Adobe Systems, Mountain View, CA, USA). Each fluorescent microscopy experiment was repeated at least four times using different batches of Sertoli cell cultures that yielded similar results, and representative results were reported herein.
Statistical analysis
Statistical analyses were performed by two-way analysis of variance (ANOVA) using the repeated measures model followed by Dunnett's test to compare changes between treatment groups and their corresponding controls using the GB-STAT statistical analysis software package (version 7.0; Dynamic Microsystems, Silver Spring, MD, USA). Thus, with this method we took into consideration changes in protein levels (e.g., during protein internalization and/or recycling) in 1) treatment groups (e.g., cells treated with TGF-␤2 or testosterone) vs. the corresponding controls (first variable) and 2) as a function of time (second variable).
Other methods
Protein estimation was performed by Bradford reagent using BSA as a standard as described earlier (34) . For cell lysates from endocytosis and recycling experiments in which the protein concentration was relatively low vs. testis lysates, protein estimation was performed using a DC Protein Assay kit from Bio-Rad Laboratories (Hercules, CA, USA) and a Bio-Rad model 680 plate reader at 750 nm as described (35) . The lanthanum experiment used to assess the relative location of TJ fibrils in the seminiferous epithelium during the transit of preleptotene/leptotene spermatocytes across the BTB was performed as described (36) . Electron microscopy was performed at The Rockefeller University Bio-Imaging Resource Center. All immunoblots were densitometrically scanned using a Canon 9950F scanner and the resultant blot images were analyzed by Scion Image software (release 4.0.3.2; Scion Corp., Frederick, MA, USA) and/or SigmaGel software (version 1.05; SPSS Inc., Chicago, IL, USA).
RESULTS
Testosterone and integral membrane proteins at the BTB
In vivo study: changes in integral membrane proteins at the BTB during testicular maturation and/or aging
The importance of T on spermatogenesis has been illustrated in studies of cell-specific knockout of androgen receptors (ARKO mice) in Leydig and Sertoli cells, wherein these mice displayed infertility with seminiferous tubules devoid of germ cells (13, 37, 38) . In this study, we examined the role of T on several integral membrane proteins at the BTB in rat testes including TJ proteins (occludin, JAM-A, and claudins 1 and 3) and basal ES protein (N-cadherin). It is of interest to note that the steady-state protein level of claudin-3 in normal adult rat testes, at least from days 45 to 90 postpartum (nϭ5, using antibodies from two different vendors) [note that the level of ARs is highest in adult Sertoli cells at day 90 postpartum; ref. 39) , was significantly lower, by as much as 5-fold, compared with that in rats at days 16 -25 postpartum ( Fig. 1A-C) . In contrast, JAM-A, occludin, and claudin-1 remained relatively stable during adulthood except that a transient increase in the protein levels of occludin and JAM-A was detected (but not in the levels of claudins 1 and 3) in immature rats ( Fig. 1A-C) . This is the time when the BTB was being formed (between days 15 and 18 postpartum), illustrating their significance in BTB function. When the changes in testis weights during development were taken into consideration and the data were expressed as protein level per pair of testes (Fig. 1D, E) , it is noted that the relative organ contents of occludin and JAM-A during development peaked at day 35 postpartum and remained relatively stable thereafter until 90 days of age. This trend is also similar to the organ contents of claudin-1 and -3 except for a considerable decline in the level of claudin-3 per pair of testes by day 90 (Fig. 1E vs.  D) . For N-cadherin, its steady-state protein level was detected in the rat testis by day 7 after birth, peaked by day 42 with a ϳ4-to 5-fold increase, but declined by ϳ50% by day 92 (40) . Thus, occludin and JAM-A, as well as Ncadherin (an integral membrane protein at the basal ES, which together with TJ constitutes the BTB) were selected for the studies reported herein. These results also illustrate that claudins and in particular claudin-3 may not be as important as other TJ integral membrane proteins in adult rat testes for BTB maintenance.
In vitro study: effects of testosterone on the steady-state levels of BTB integral membrane proteins
There are reports in the literature of in vitro models that were used to examine the role of T in junction dynamics. For instance, T was found to promote TJ and AJ assembly between Sertoli cells by inducing the steady-state mRNA and/or protein levels of occludin (41), claudin-1 and claudin-11 (42, 43) , E-cadherin, and catenin (30) . However, in a more recent study, it was reported that the Sertoli-Sertoli TJ and ES were stimulated by FSH only but not by T (44) . To address these seemingly contrasting results, 2 ϫ 10 Ϫ7 M T was continuously supplied to Sertoli cells after their isolation for up to day 5, and it was found that T mildly and transiently induced the expression level of occludin from 8 h to day 1 after treatment, and this stimulatory effect was abolished in the presence of an antiandrogen, CPA (1ϫ10 Ϫ6 M) (see TϩCPA treatment group vs. T and the two controls) (Fig. 1F, G; Supplemental Fig.  1) . Nonetheless, results shown in Fig. 1F -J illustrate that whereas functional experiments and AR knockout mice from earlier studies have illustrated that T promotes BTB function, it had no significant effect on the steady-state protein levels of other TJ and AJ markers, such as JAM-A or N-cadherin, at the BTB (Fig. 1F, H, I ). In addition, the protein level of ␤1-integrin was significantly induced during TJ and AJ assembly from day 1/3 to 5 and displayed a pattern similar to those of another basal ES protein, N-cadherin (Fig. 1I vs. J) and TJ proteins, such as occludin and JAM-A (Fig. 1J vs. G,  H) . A CPA alone control group was not included in Fig.  1 as preliminary experiments have shown that its presence alone did not affect the steady-state levels of the BTB integral membrane proteins in these cultures (Supplemental Fig. 1 ).
Testosterone enhances (or accelerates) the kinetics of internalization of TJ and AJ proteins at the BTB in Sertoli cells cultured in vitro
To delineate the significance of T on BTB dynamics, we investigated whether T could affect the kinetics of endocytosis of junction proteins at the BTB. By using the cell surface protein biotinylation technique, TJ and basal ES integral membrane proteins at the BTB were shown to be endocytosed time dependently under normal culture conditions when Sertoli cells were incubated at 35°C (Fig. 2A) . The maximal levels of internalization of these proteins were generally detected within 60 min. Further incubation of Sertoli cells at Figure 1 . In vivo and in vitro studies illustrating the significance of T on BTB dynamics in rats. Lysates from normal rat testes at different ages (days 16 -90, postpartum, nϭ3) were prepared as described in Materials and Methods. About 100 g of protein from each sample within an experimental group was resolved by SDS-PAGE and probed with several TJ integral membrane protein markers by immunoblotting (A). Results of this study are summarized in B-E. On the day after Sertoli cells were isolated from 20-day-old rat testes (time 0), cells were incubated immediately with 2 ϫ 10 Ϫ7 M T or T with 1 ϫ 10 Ϫ6 M CPA vs. Sertoli cells alone (Ctrl) and with a corresponding volume of ethanol, which served as the vehicle control (V. Ctrl), and the reaction was terminated after 8 h, 1 day, and 5 days (F). About 100 g of protein from each sample was resolved by SDS-PAGE and probed with several TJ and AJ integral membrane proteins. All blots in A and F were stripped and reprobed with an anti-actin antibody to assess equal protein loading. The level of each target protein shown in A and F was densitometrically scanned and compared in B-E and G-J, respectively. Each bar is the mean Ϯ sd of three sets of samples. The protein levels at day 16 in A and time 0 in F were arbitrarily set at 1. Statistical analysis was performed with two-way ANOVA using the repeated measures model followed by Dunnett's test, comparing the steady-state protein levels of target proteins at other ages vs. that at day 16 as well as between samples (B, C) (nϭ3 rats for each time point). Data from B and C were also expressed as protein levels per pair of testes by taking into consideration changes in testis weights during maturation and shown in the corresponding bar graphs in D and E. Changes in target protein levels after treatment of Sertoli cells with T or T ϩ CPA were compared with the corresponding control and vehicles (V. Ctrl) at each time point (G-J) by two-way ANOVA followed by Dunnett's test. Each bar is the mean Ϯ sd of three experiments using different batches of Sertoli cells. *P Ͻ 0.05; ns, not significantly different.
35°C
of endocytosed proteins might have occurred. T was anticipated to promote BTB function by "decelerating" the kinetics of protein endocytosis. Unexpectedly, the presence of 2 ϫ 10 Ϫ7 M T significantly enhanced the kinetics of internalization of TJ integral membrane proteins (JAM-A and occludin) and basal ES integral membrane protein (N-cadherin) at the BTB in Sertoli cells ( Fig. 2A-E; Supplemental Fig. 2A) . The unexpected effect of T that promoted protein endocytosis as depicted in Fig. 2 appeared to (Fig. 2) . We did not include experiments wherein Sertoli cells were cultured with CPA alone as preliminary studies using CPA alone showed it to have no apparent effect on the steady-state levels of Sertoli cell BTB integral membrane proteins (see Supplemental Fig. 1 ). In addition, it has no apparent effect on the kinetics of internalization of occludin and transferrin receptor (TfR) as illustrated in preliminary experiments (Supplemental Fig. 1B vs. A) . Interestingly, it is noted that whereas the Figure 2 . Endocytosis assay illustrating that T at 2 ϫ 10 Ϫ7 M enhances the kinetics of the internalization of TJ and AJ integral membrane proteins at the BTB using an in vitro model. A) Sertoli cells were biotinylated for 30 min (see Materials and Methods). Thereafter, cells were incubated with either 2 ϫ 10 Ϫ7 M T alone or T with 1 ϫ 10 Ϫ6 M CPA at 35°C to allow endocytosis, and the reactions were terminated at various time points. Cell surface proteins without biotinylation served as the negative control. Total ϭ total labeled cell surface proteins (after the 30-min biotinylation) without stripping. Biotinylated proteins were recovered by using UltraLink Immobilized NeutrAvidin Plus beads from ϳ400 g of the resultant samples at each time point and were subjected to immunoblotting. Equal amounts of proteins were used at each time point as assessed by the actin blot. B-E) Kinetics of internalization of JAM-A (B), occludin (C), N-cadherin (D), and TfR (E) with T or with T ϩ CPA. F) Sertoli cells with biotinylated cell surface proteins were incubated with or without 2 ϫ 10 Ϫ7 M T at 18°C to allow endocytosis, and the reactions were terminated at various time periods. G) Kinetics of internalization of the experiment shown in F. To assess the kinetics of internalization of integral membrane proteins, the percentage of internalized proteins vs. total biotinylated proteins was shown (y axis) and plotted against their changes against time (x axis). Each data point is the mean Ϯ sd of three independent experiments. In each experiment, each time point had triplicate cultures. Statistical analysis was performed by two-way repeated measures ANOVA to be followed by Dunnett's test, which compared the percentage of internalized proteins in each treatment group vs. that in its corresponding control (Ctrl) group for each time point. *P Ͻ 0.01; **P Ͻ 0.005; ns, not significantly different.
presence of CPA could abolish the effects of T in enhancing the kinetics of internalization of occludin, N-cadherin, and TfR ( Fig. 2A, C-E) , its presence somehow reduced the kinetics of internalization of JAM-A vs. controls ( Fig. 2A, B) . The immediate explanation for this observation is not known and should be examined in future studies. It is likely that the dynamics of JAM-A endocytosis require a very low level of endogenous testosterone for its maintenance. Because primary Sertoli cells cultured in vitro were shown to exhibit 17␤-hydroxysteroid dehydrogenase, 17␣-hydroxylase, C17-C20 lyase, and others, and these are known to produce T (45, 46) , the presence of CPA would block the endogenous T production. Surprisingly, ␤1-integrin was not being internalized at the Sertoli-Sertoli cell interface as shown in three separate independent experiments, at least using the cell surface protein biotinylation approach in vitro. Previous studies have shown that when cells were incubated at 18°C, this lower temperature facilitated the internalized proteins to reside in early or sorting endosomes by blocking the recycling and/or endocytic pathways (33, 47) . When Sertoli cells were incubated at 18°C after biotinylation to initiate endocytosis, the levels of internalized JAM-A remained relatively steady even after 3 h of endocytosis ( Fig. 2F-G) , consistent with results of these earlier reports. However, we observed that when Sertoli cells were incubated at 18°C, these cells lose responsiveness to T as illustrated in studies shown in Fig. 2 and observed in three separate experiments (Fig. 2F, G vs. A-E) . Therefore, all subsequent endocytosis assays were conducted at 35°C.
TGF-␤2 perturbs the BTB by accelerating the kinetics of the internalization of integral membrane proteins
Previous studies have shown that cytokines, such as TGF-␤s and tumor necrosis factor (TNF) -␣, can reversibly disrupt the BTB in vivo (18, 48) , by down-regulating the protein level of TJ and basal ES proteins at the BTB via a yet-to-be-defined mechanism. Herein, we demonstrate for the first time that TGF-␤2 at 10 ng/ml perturbed the BTB by accelerating the kinetics of internalization of integral membrane proteins occludin and N-cadherin, but not JAM-A, at the BTB (Fig.  3A-D) . It was observed that the protein levels of internalized occludin and N-cadherin after TGF-␤2 treatment were ϳ10 -30% higher than the corresponding control at 15 min (Fig. 3C, D) . These results are consistent with earlier studies showing that TGF-␤s and TNF-␣ could reduce the Sertoli cell steady-state protein levels of occludin and N-cadherin but not that of JAM-A (18, 48) . Besides, it is of interest to note that the levels of internalized proteins, such as occludin, declined rapidly and statistically significantly by 30 min after exposure of these cells to TGF-␤2 vs. controls and cells treated with T (Figs. 3A, C, D vs. 2A-D) . These data suggest that TGF-␤2 might perturb the BTB via accelerating the kinetics of internalization of integral membrane proteins, followed by the degradation of endocytosed proteins (see below). Immunofluorescent microcopy was also used to examine the effect of T and TGF-␤2 on protein endocytosis ( Fig. 3E; Supplemental   Fig. 3 ). As shown in Fig. 3E , in controls, only small numbers of internalized occludin vesicles were detected as most occludin remained at the cell-cell interface (Fig. 3Ea, red fluorescence) and even fewer occludin vesicles were partially colocalized with EEA-1, an early endosome marker (Fig. 3Eb, green fluorescence) as shown in the merge image (Fig. 3Ec, yellowish  orange ). An increase in the number of internalized occludin vesicles was detected when cells were treated with T for 1 h and even more after treatment with TGF-␤2 for 1 h (Fig. 3Ee, i) , and more vesicles were also found to colocalize with EEA-1 (see white arrowheads in Fig. 3Eg, k) . However, the steady-state protein levels of EEA-1 in Sertoli cells treated with either T or TGF-␤2 remained relatively stable vs. those of controls (Fig. 3F, G) in the endocytosis experiments as reported in Fig. 3A .
Internalization of integral membrane proteins at the BTB is mediated via the clathrin-dependent pathway
To further investigate the endocytic pathway used by the BTB proteins for internalization, specific inhibitors were used (22) as shown in Fig. 4 . Incubation of Sertoli cells with 20 M PAO for 15 min to prevent the assembly of clathrin-coated pits was shown to effectively block the endocytosis of JAM-A and occludin ( Fig.  4A-C) . However, the kinetics of protein endocytosis was not affected when cells were treated with 2 U/ml of CO (CO was known to deplete cholesterol in plasma membrane, thereby blocking the caveolin pathway) (Fig. 4) . When Sertoli cells were immunostained with an antioccludin or an anti-N-cadherin antibody, internalized protein vesicles were found to colocalize with clathrin (Fig. 4D) . The specificity of the anti-clathrin antibody used in this study is shown in Fig. 4E as only a prominent protein band corresponding to the electrophoretic mobility of clathrin was identified in lysates of either seminiferous tubules or Sertoli cells.
Differential fate of the endocytosed BTB proteins after treatment of cells with T or TGF-␤2
Results described above have shown that treatment of Sertoli cells with either T or TGF-␤2 accelerated or enhanced the kinetics of integral membrane protein endocytosis, yet these biomolecules were shown to promote (14, 15) or disrupt the BTB (18, 19, 28) in earlier studies, respectively. To reconcile these seeming discrepancies, we next examined the fate of the endocytosed proteins after each treatment vs. controls by recycling assays. It was shown that internalized BTB proteins, such as occludin, JAM-A, and N-cadherin (data not shown), were continuously recycled back to the cell surface. We thus monitored the protein recycling using two different approaches by quantifying the kinetics of declining of biotinylated and endocytosed protein levels at the cytosol ( Fig. 5A-C; Supplemental  Fig. 4A, B) and the reappearance of internalized proteins at the cell surface (Fig. 5A, D, E; Supplemental  Fig. 4C ). Supplemental Fig. 4D is a schematic drawing that illustrates the technical basis of the recycling assay. The kinetics of recycling of internalized proteins was found to increase with the presence of T vs. control. For instance, there was an ϳ50% reduction in the protein level of cytosolic JAM-A concomitant with an increase in cell surface JAM-A protein after incubation of cells with T for 15 min vs. controls (Fig. 5A, B, D) . Interestingly, when Sertoli cells were treated with TGF-␤2 to study the recycling of biotinylated and endocytosed proteins, the kinetics of the disappearance of cytosolic biotinylated and endocytosed occludin, but A study by endocytosis assay and immunofluorescent microscopy to demonstrate that endocytosis of the integral membrane proteins at the BTB is via the clathrin-mediated but not the caveolin-mediated pathway. A) After cell surface protein biotinylation, Sertoli cells were incubated with either PAO (a specific inhibitor of clathrin-mediated pathway) or CO (a specific inhibitor of caveolin-mediated pathway) at 35°C to allow endocytosis, and reactions were terminated at specified time points. About 400 g of total proteins from samples at each time point within an experimental set was used to estimate the kinetics of protein endocytosis. not of JAM-A, was found to be enhanced vs. controls (Fig. 5A-C) . However, it is important to note that the increase in the level of reappearance of biotinylated and endocytosed occludin on the cell surface was not detected in cells treated with TGF-␤2 ( Fig. 5F ; Supplemental Fig. 4C ). These results suggest that TGF-␤2, unlike T, failed to enhance the kinetics of the recycling of BTB proteins back to the cell surface. Housekeeping target proteins (e.g., actin, tubulin, and glyceraldehyde-3-phosphate dehydrogenase) could not be retained in the samples subjected to the recycling assay when the reappearance of biotinylated and endocytosed integral membrane proteins (e.g., occludin) was monitored. This is because these samples required initial trypsinization to be followed by subsequent affinity extraction using avidin beads; as such, equal protein loading was assessed by Coomassie Blue staining in gels as shown in a representative experiment in Supplemental Fig. 5 .
We next examined whether TGF-␤2 targeted the internalized proteins to late endosomes for intracellular degradation (Fig. 6) , thereby reducing the steadystate integral membrane protein levels at the SertoliSertoli cell interface (Fig. 3Ei-l vs. a-d, e-h) . Importantly, endocytosed occludin-containing vesicles were shown to colocalize with Rab 9, a late endosome marker (22, 49, 50) , after treatment of Sertoli cells with TGF-␤2 but not T (Fig. 6Ai-l vs. e-h, a-d ). An increase Figure 5 . Recycling assay illustrating the differential fate of the internalized BTB integral membrane proteins after treatment of Sertoli cells with either T or TGF-␤2. A) Recycling assay was performed on day 5 after Sertoli cell isolation. After biotinylation of cell surface proteins, Sertoli cells were incubated at 35°C for 2 h to allow endocytosis. Biotin on the uninternalized cell surface proteins was stripped. Cells were then incubated with either T (2ϫ10 Ϫ7 M) or TGF-␤2 (10 ng/ml) vs. controls (no treatment) at 35°C for various time points to allow recycling of internalized proteins back to the cell surface. The newly appeared biotinylated (and recycled) proteins on the cell surface were obtained by 0.01% trypsin, whereas proteins remaining in the cytosol were collected by IP buffer. B, C) Percentage of internalized and biotinylated proteins remaining in the cytosol over time in the recycling assay in the presence of either T or TGF-␤2 vs. controls are shown. The percentage of internalized and biotinylated proteins at time 0 was arbitrarily set at 100. Each bar is the mean Ϯ sd of three independent experiments using different batches of primary Sertoli cell cultures. In each experiment, each time point had triplicate cultures. D, E) Reappearance of internalized and biotinylated occludin and JAM-A on the Sertoli cell surface with or without T was monitored by immunoblotting in three independent experiments with triplicate cultures for each time point in each experiment. The immunoblots (insets; D, E) are results of a representative experiment, illustrating an increase in the level of proteins on cell surface vs. time 0; the presence of T accelerated the kinetics of recycling of JAM-A and occludin. Two additional experiments yielded similar results. The level of protein at time 0 was arbitrarily set at 1. F) Effects of TGF-␤2 on the kinetics of recycling of BTB proteins. Reappearance of internalized and biotinylated occludin and JAM-A proteins on Sertoli cell surface was monitored by immunoblotting, illustrating an increase in protein levels on cell surface vs. time 0, but the presence of TGF-␤2 significantly reduced the kinetics of recycling of occludin, but not of JAM-A, back to the Sertoli cell surface. The level of protein at time 0 was arbitrarily set at 1, against which statistical analysis was performed. Each bar is the mean Ϯ sd of three independent experiments with triplicate cultures for each time point in each experiment. Statistical analysis was performed by two-way ANOVA followed by Dunnett's test, comparing between a treatment group vs. its corresponding control (Ctrl) and over time. *P Ͻ 0.05; **P Ͻ 0.01; ns, not significantly different.
in steady-state protein levels of Rab 9 was also noted when cells were incubated with TGF-␤2, but not with T, when compared with control ( Fig. 6B-C) . Figure 6D illustrates the specificity of the anti-Rab 9 antibody used for studies reported herein by immunoblot analysis. In summary, these results illustrate that TGF-␤2 accelerates protein internalization, but unlike T, it targets endocytosed proteins to endosome-mediated degrada- The migration of preleptotene and leptotene spermatocytes across the BTB at stage VIII of the seminiferous epithelial cycle in the adult rat testis involves extensive restructuring of the TJ and AJ. The mechanisms used by the testis to accommodate germ cell migration across the BTB while maintaining this immunological barrier remain obscure. Herein, we provide for the first time biochemical data to illustrate that the testis uses a highly effective mechanism to induce rapid junction restructuring to permit cell migration while maintaining barrier integrity. When cell surface proteins of Sertoli cells cultured in vitro with functional TJs and AJs that mimicked the BTB in vivo were biotinylated, ϳ10 -50% of the total biotinylated BTB proteins were continuously internalized and recycled back to the cell surface via the clathrin-mediated pathway as illustrated in this report. This finding suggests that continuous de novo synthesis of integral membrane proteins at the BTB that occurs during spermatogenesis to facilitate junction restructuring to accommodate cell movement perhaps would be augmented by protein recycling. From our study, the turnover rate of BTB integral membrane proteins is ϳ1-1.5 h (note that the turnover rate is estimated by doubling the time required for the integral membrane proteins at the BTB to reach the maximum level of internalization; see Fig. 2 ). However, stage VIII of the seminiferous epithelial cycle in the adult rat testis lasts for ϳ1.5 day (ϳ30 h), which is the time when preleptotene/leptotene spermatocytes traverse the BTB. Thus, it is highly plausible that there are several waves of barrier opening to accommodate preleptotene/leptotene spermatocyte migration (Fig.  7) . Furthermore, it is of interest that these germ cells traverse the BTB as "clones," interconnected via cytoplasmic bridges (52, 53) . As such, a rapid turnover rate of integral membrane proteins at the BTB proteins is needed and is physiologically necessary to achieve multiple cycles of junction disassembly and reassembly during stage VIII of the epithelial cycle to accommodate germ cell migration. In this study, occludin, instead of claudins or JAMs, was used as the TJ marker to monitor the effect of T and TGF-␤2 on the kinetics internalization and recycling because this protein is consistently present at the BTB throughout adulthood in rats. Even though occludin is only present in rodent and not in human testes, the significance of occludin on spermatogenesis cannot be overlooked as occludin knockout mice were infertile (54) . Furthermore, addition of exogenous occludin into occludin-deficient epithelial cells was shown to promote TJ reconstitution (55) .
Testosterone and cytokines regulate BTB integrity via differential effects on the equilibrium between the kinetics of protein endocytosis and recycling by determining the fate of endocytosed proteins Androgen is produced by Leydig cells residing in the interstitium. However, androgen exerts its effects via specific ARs restricted to Sertoli cells in the seminiferous epithelium. The expression level of ARs in rodents is highest in the seminiferous epithelium at stages VII-VIII of the epithelial cycle (39, 56) . Mice with selective knock out of the AR in Sertoli cells are infertile, resulting from spermatogenic arrest before the first meiosis. Also, the BTB in these mice is impaired (13, 37, 57) . These findings, together with in vitro studies demonstrating that T promotes the Sertoli cell-TJ barrier function (41) , suggest that the BTB is a major target of androgen action, particularly at stage VIII of the epithelial cycle when the BTB opens to accommodate migrating preleptotene or leptotene spermatocytes. In this study, androgen was shown to facilitate the trafficking of integral membrane proteins between the cell surface and cytosol, as well as their recycling from the cytosol back to the cell surface instead of enhancing the expression of BTB proteins ( Fig. 1) , which would reinforce barrier integrity. Androgen probably exerts its effects by relocating integral membrane proteins within the BTB microenvironment, such as by reassembling (or "resealing") the barrier beneath migrating preleptotene spermatocytes (Fig.  7A, B) . Cytokines, such as interferon-␥, TGF-␤s, and TNF-␣, are all known to regulate junction dynamics in multiple epithelia. These cytokines were shown to perturb junctions by lowering the steady-state TJ and AJ protein levels at the intestinal barrier (58 -60) and the BTB (17-19, 30, 48) . Whereas cytokines promote protein endocytosis similar to T, endocytosed proteins, such as occludin, at the BTB were targeted to the endosome-mediated degradation pathway. At stage VIII of the epithelial cycle during spermatogenesis, the BTB undergoes rapid restructuring to facilitate preleptotene/leptotene spermatocyte migration; yet, its integrity must be maintained to sequester postmeiotic germ cell development from the immune system. On the basis of earlier morphological studies, it was suggested that new occluding fibrils formed below the preleptotene/leptotene spermatocytes, followed by the breakdown of occluding fibrils above these spermatocytes (8, 61) as illustrated in Fig. 7 . However, no biochemical and molecular evidence was available in the literature to support this postulate. The coexistence of TJ and AJ at the BTB has been proposed to supersede each other's function transiently to maintain barrier integrity (9, 62) . When the BTB opens, there is a disengagement of TJ and AJ via their peripheral adaptors so that the BTB can maintain its integrity during extensive AJ restructuring and vice versa (9) . Undoubtedly, this theory does not explain the events of junction assembly and disassembly below and above the migrating preleptotene/leptotene spermatocyte when TJ fibrils are being generated and disrupted (Fig. 7B) . On the basis of the results presented herein, T and cytokines (e.g., TGF-␤2) work in concert via their effects on the internalization, recycling, and intracellular degradation of proteins at the BTB to regulate and coordinate these events (Fig. 7) . The stage-specific expression of the AR (56) and TGF-␤s (18, 28) in the seminiferous epithelium at stage VIII of adult rat testes have been reported previously, illustrating the fact that these are crucial regulators of BTB dynamics. We postulate that the increase in the kinetics of internalization and intracellular degradation of integral membrane proteins at the BTB induced by TGF-␤s would contribute to lowering the steady-state levels of occluding fibrils above preleptotene/ leptotene spermatocytes, thereby destabilizing the SertoliSertoli cell barrier to facilitate spermatocyte migration. On the other hand, the increase in the kinetics of internalization and recycling of integral membrane proteins (e.g., occludin) at the BTB induced by T would contribute to a rapid relocation of BTB proteins from the apical to the basal region of migrating preleptotene or leptotene spermatocytes such that new occluding fibrils can form and reseal the BTB to maintain the immunological barrier (Fig. 7) . Transcytosis and recycling of integral membrane proteins have been reported in migrating cells. For instance, endocytosed integrins within endocytic vesicles at the rear end of a migrating cell were shown to be transported to the leading edge for the formation of new focal contacts (63, 64) . Furthermore, Figure 7 . A model to illustrate that the timely opening and closing (or restructuring) of the BTB to facilitate preleptotene/ leptotene spermatocyte migration across the BTB is mediated by the differential effects of T and cytokines on the endocytosis, recycling, and intracellular degradation (or transcytosis) of integral membrane proteins. A) As shown in this schematic drawing, the BTB physically divides the seminiferous epithelium into the basal and apical (or adluminal) compartments. Spermatogonia (type B) differentiate into preleptotene/leptotene spermatocytes (PS) that must traverse the BTB (PSi, preleptotene/leptotene spermatocyte in transit) at stage VIII of the seminiferous epithelial cycle of spermatogenesis. T and cytokines (e.g., TGF-␤2 released by Sertoli and/or migrating spermatocytes into the microenvironment of the seminiferous epithelium) (short pink arrow) accelerate the kinetics of internalization of BTB integral membrane proteins via the clathrin-mediated endocytosis pathway (yellow arrows). This disrupts the BTB on the apical end of a migrating PSi at stage VIII of the epithelial cycle to facilitate the transit of PS across the BTB by lowering the steady-state levels of integral membrane proteins locally. Internalized proteins (e.g., occludin) are either targeted to early endosomes via their attachment with an endosome-associated marker protein (e.g., EEA-1) (purple arrow) or sorting endosomes. TGF-␤2 perturbs the BTB (long pink arrow) by targeting internalized proteins (e.g., occludin) into late endosomes (e.g., Rab 9) (purple arrow), for their degradation in lysosomes, thereby lowering the steady-state integral membrane proteins at the BTB. T, in contrast, enhances the kinetics of recycling of BTB proteins back to the Sertoli cell surface, perhaps to the basal region of the migration of PS (i.e., PSi) via transcytosis to reassemble the BTB (green arrow). The net result of these interactions thus maintains the immunological barrier in the seminiferous epithelium during the transit of PS across the BTB. B) Electron micrograph of a preleptotene spermatocyte in transit corresponding to the PSi shown in A. This preleptotene spermatocyte was shown to be trapped between the TJ fibrils, as illustrated in this lanthanum study. The TJ fibrils at the apical end of this preleptotene spermatocyte appeared to become leaky (opposing black arrowheads) or opened, as lanthanum (yellow arrowheads) was able to reach the TJ fibrils (yellow arrowhead near the opposing black arrowheads) in this microenvironment to facilitate the transit of this preleptotene spermatocyte. However, new TJ fibrils were detected at the basal portion of this spermatocyte in transit (opposing pink arrowheads) that limited further entry of lanthanum (yellow arrowhead below the pink arrowhead) into the epithelium. Asterisks mark the basement membrane (also known as basal lamina), which is a modified form of extracellular matrix (51); M, myoid cell layer; Nu, Sertoli cell nucleus. Scale bar ϭ 1 m.
cytokines, such as interferon-␥, have been shown to redirect the transcytosis of ␤1-integrin to the basal compartment of intestine epithelial cells instead of to the leading edge, inhibiting wound closure (65) . Finally, Notch (N), a transmembrane protein in Drosophila epithelial cells, was shown to relocate to AJ via dynamin-and Rab 5-dependent transcytosis, which, in turn, mediated cell-cell interactions (66) . It is likely that a similar mechanism is used by Sertoli cells after androgen treatment, which reinforces the BTB integrity. This would suggest that BTB-integral membrane proteins above a preleptotene/leptotene spermatocyte are endocytosed within vesicles and transported beneath the spermatocyte via transcytosis to form new junction fibrils (Fig. 7) , which should be vigorously investigated in future studies. In short, we have provided biochemical evidence to demonstrate that T and cytokines (e.g., TGF-␤2) work together to differentially affect the endocytosis, recycling, endosome-mediated degradation, and possibly the transcytosis or translocation of integral membrane proteins to coordinate the timely restructuring of the BTB to facilitate the transit of preleptotene/leptotene spermatocytes across the barrier at stage VIII of the seminiferous epithelial cycle of spermatogenesis.
